This paper presents a hierarchical fuzzy motion planner for humanoid robots in 3D uneven environments. First, we define both motion primitives and locomotion primitives of humanoid robots. A high-level planner finds a global path from a global navigation map that is generated based on a combination of 2.5 dimensional maps of the workspace. We use a passage map, an obstacle map and a gradient map of obstacles to distinguish obstacles. A mid-level planner creates subgoals that help the robot efficiently cope with various obstacles using only a small set of locomotion primitives that are useful for stable navigation of the robot. We use a local obstacle map to find the subgoals along the global path. A low-level planner searches for an optimal sequence of locomotion primitives between subgoals by using fuzzy motion planning. We verify our approach on a virtual humanoid robot in a simulated environment. Simulation results show a reduction in planning time and the feasibility of the proposed method.
Introduction
Wheeled mobile robots navigate in 2D even workspace and usually have only three degrees of freedom (DOF). Humanoid robots can walk in a 3D complex uneven workspace. Previous researches show that the configuration space of wheeled mobile robots can be searched efficiently by probabilistic, samplebased motion planning methods [1] [2] . However, a typical biped robot has twelve DOF in its lower body and more in the upper body. Due to this high degree of actuation, the humanoid robots can have a wide range of motions. Humanoid robots can walk, turn, step on small objects [3] [4] [5] , climb stairs [6] [7] [8] [9] [10] [11] , climb ladder [5] , climb ramp [11] , step over obstacle [11] [12] , and crawl through narrow passages [13] [14] .
Because configuration space of humanoid robot is more than 12 dimensions, it is difficult to solve motion planning problems. Also, it is difficult to choose robot's pose and available motions in the complex environment with various kinds of obstacles. Motion planning for humanoid robots in the 3D workspace is a computationally expensive problem. Because of the complexity of the configuration space and its stability requirements, significant amounts of memory and computational time are needed to find a global path in 3D cluttered environment and check collision with obstacles in a navigation path.
It is important to generate of stable and efficient gaits for humanoid robots considering dynamic stability constraints. We use motion patterns in sequence to make preplanned steps and walking motions. Motion planning for humanoid robots can use preplanned motions referred as motion primitives [3] [12] [15] [17] [18] . If these preplanned motions are used for humanoid's motion planning, motion planning on easy and flat ground is considered as the searching problem for a sequence of feasible motion primitives [3] [16] [17] [18] . Indoor environment has gates, obstacles, stairs, inclines, holes and barriers. Therefore we design motion planner with many motion primitives to overcome various situations.
In the paper we propose a hierarchical fuzzy motion planning method based on a global navigational map of the 3D uneven workspace. The global navigation allows the humanoid robot to navigate using only a small set of motion primitives. The highlevel global path planner finds a path by using a global navigation map that is obtained from a passage height map, an obstacle height map and a gradient height map of obstacles. The mid-level planning chooses appropriate subgoals along the global path. The mid-level planner reduces the number of locomotion primitives and is useful for walking of the robot. The low-level planner finds an feasible sequence of locomotion primitives using fuzzy motion planning. The proposed method is verified on a virtual humanoid robot with a simulated environment. Simulation results show a reduction in planning time and an improvement in motion stability.
The rest of this paper is organized as follows: In Section 2, we define a motion and locomotion primitive for humanoid robots and describe environmental representations using several 2.5 dimensional maps. The design of a hierarchical fuzzy motion planner using locomotion primitives is presented in Section 3. Section 4 presents simulation results. Finally, we conclude with a discussion in Section 5. 
Problem Formulation

Humanoid robot model
A pose, q, can be defined as a set of the joint angles of the m actuators in the humanoid robot , q , q , q , , q
It represents the internal configuration of the robot , the pose of the robot regardless of its position and orientation in the workspace. We consider that a configuration γ of the robot is a point in its configuration space , where SE 3
parameterized by [18] γ , , , , θ , ψ , q
The robot's global location and orientation are specified by comparing a world reference frame with a coordinate frame fixed rigidly to itself. This frame is referred to as the robot's root. The joint angles of all the actuators make up the remainder of the dimensions of the configuration space. The current state of the humanoid robot is the configuration along with two important parameters:
where is a cost function and is a bounding volume with respect to the pose, q and can be approximated by a cylinder or two cylinders that have the same axis .
Motion primitives and locomotion primitives
Because the humanoid robot has a 6+m dimensional configuration as in Eq. 2, it is difficult to find a path through 3D cluttered environments and check for collisions with obstacles. Also, searching in the high dimensional configuration space needs a significant amount of memory and computational time. To simplify a motion planning problem of the robot, we define motion primitives and locomotion primitives for the humanoid robot.
Let a motion primitive of the robot be a pattern of motion that begins and ends with a statically stable pose. It is stored either as an ordered set of poses with a defined interpolation or as an ordered set of inputs to the robot's controller:
where n is the number of poses for the i-th primitive, q is the initial pose and q is the final pose of the robot executing the primitive. The motion primitives that are efficient and robust, and look natural can be precomputed [5] [18] .
Based on the motion primitives, we define a locomotion primitive of the robot that is a parameterization of a motion primitive as i ∆x , ∆ , ∆ , ∆θr, ∆ r, ∆ψr, P , ,
∆x , ∆ , and ∆ are net displacements of the origin of the robot's root frame in local coordinates. ∆θ , ∆ , and ∆ψ are net changes in orientation of that frame.
is a motion primitive. is an overall cost of execution time, distance of displacement, consumed energy, and potential instability for the locomotion, and is a volume containing the swept volume of the locomotion. The swept volume is used for fast collision checking in the low-level planner. Thus, a motion primitive i specifies a sequence of internal configuration changes, while a locomotion primitive i describes the motion of the robot in its ambient space.
The motion planner searches a primitive in the set of all locomotion primitives as follows:
where L is the number of locomotion primitives. The task of a motion planner is to find a sequence of locomotion primitives that transform the start position to some goal position. Fig. 1 shows the locomotion primitives of a humanoid robot.
Fig. 1 Locomotion primitives of a humanoid robot
The configuration of the robot is changed through the application of the locomotion primitives that are chosen by the planner. A primitive, , or a sequence of primitives, π , , , K , when applied to the current configuration γ, produces a new configuration γ ′ . A configuration transition function ƒ is specified by ƒ γ, π γ .
When a sequence of locomotion primitives is applied, the motion planner transforms the start configuration to some goal configuration.
Workspace model and map generation
In this paper, we consider motion planning of humanoid robots in a complex indoor environment as shown in Fig. 2 . Humanoid robot can walk in a 3D workspace, . We assume the workspace is partitioned into a floor, gates, obstacles, stairs, inclines, holes, and barriers. The floor is assumed to be a horizontal and even plane. Low-height obstacles and holes will have steep side wall and are sparse.
We use a combination of 2.5D maps of its environment to represent the 3D uneven workspace. Obstacle height and ceiling height height maps [ with a low ce map is obtaine Fig. 2 The obstacl or of an obje plane.
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Conclusions
In the paper, a hierarchical motion planning method using fuzzy motion planner in a 3D uneven environment is proposed. The hierarchical planner finds a global path, subgoals, and a feasible sequence of locomotion primitives between subgoals. The fuzzy motion planner was designed on the basis of locomotion primitives and a global path, and it reduces the overall search space and planning time. Further, the proposed planner decreases the number of required locomotion primitives using the global path and efficiently copes with an environment that is cluttered with various kinds of obstacles. The subgoal planner improves motion stability of the humanoid robot in an uneven environment. We verified our approach on a virtual humanoid robot with a simulated complex environment. The simulation results show a fast planning time. In future, we intend to design a hierarchical fuzzy motion planning method for uneven and layered environments.
